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Abstract

The incidence of autoimmune liver diseases (ALDs) and re-
search on their pathogenesis are increasing annually. Howev-
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er, except for autoimmune hepatitis, which responds well to 
immunosuppression, primary biliary cholangitis and primary 
sclerosing cholangitis are insensitive to immunosuppressive 
therapy. Besides the known effects of the environment, ge-
netics, and immunity on ALDs, the heterogeneity of target 
cells provides new insights into their pathogenesis. This re-
view started by exploring the heterogeneity in the develop-
ment, structures, and functions of hepatocytes and epithelial 
cells of the small and large bile ducts. For example, cytokera-
tin (CK) 8 and CK18 are primarily expressed in hepatocytes, 
while CK7 and CK19 are primarily expressed in intrahepatic 
cholangiocytes. Additionally, emerging technologies of sin-
gle-cell RNA sequencing and spatial transcriptomic are being 
applied to study ALDs. This review offered a new perspective 
on understanding the pathogenic mechanisms and potential 
treatment strategies for ALDs.
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Introduction
The prevalence of autoimmune liver diseases (ALDs), includ-
ing autoimmune hepatitis (AIH), primary biliary cholangitis 
(PBC), and primary sclerosing cholangitis (PSC), is increas-
ing.1 The pathogenesis of these diseases remains unclear, 
but they are believed to involve a complex interaction of 
environmental, genetic, and immune factors. In genetically 
predisposed individuals, environmental factors may provoke 

autoimmune responses in the liver. ALDs are significant con-
tributors to the spectrum of noncommunicable liver diseases, 
leading to severe outcomes, including cirrhosis, liver failure, 
and hepatocellular carcinoma.2

AIH is characterized by autoimmune-mediated dam-
age to hepatic cells, as indicated by elevated serum ami-
notransferase levels, increased levels of immunoglobulin 
(Ig) G, presence of serum autoantibodies, and liver histol-
ogy showing moderate-to-severe interface hepatitis. Treat-
ment typically involves glucocorticoid administration and 
immunosuppressive therapy. PBC, an autoimmune disorder 
resulting in chronic intrahepatic cholestasis, predominantly 
affects epithelial cells of bile ducts and is more prevalent in 
middle-aged women. Symptoms include fatigue and pruritus, 
and diagnostic markers comprise elevated levels of alkaline 
phosphatase (ALP) and/or γ-glutamyl transpeptidase (GGT), 
elevated IgM, and the presence of anti-mitochondrial anti-
bodies (AMAs) or PBC-specific antinuclear antibodies (ANAs). 
PBC pathology is characterized by ongoing non-suppurative 
and destructive cholangitis, with ursodeoxycholic acid as the 
primary therapeutic agent. PSC is characterized by chron-
ic inflammation and fibrosis of intra- and extrahepatic bile 
ducts, leading to stenosis.3 Currently, there is no specific 
medication or therapeutic regimen for PSC, and the effica-
cies of glucocorticoids and immunosuppressants are unclear.

Although ALDs share common etiological factors, they af-
fect different types of liver cells. Furthermore, there is con-
siderable variability in affected populations, clinical manifes-
tations, treatment approaches, and disease prognoses. This 
review aimed to examine the fundamental causes of these 
disparities and explore the potential for overlapping syn-
dromes to affect liver and bile duct cells. We aimed to examine 
the pathogenesis of ALDs through cellular heterogeneity and 
identify precise therapeutic interventions. The novelty of this 
review stems from its comprehensive longitudinal and cross-
sectional comparative analysis of target cell characteristics in 
ALDs. By focusing on heterogeneity, we aimed to elucidate 
previously unknown pathogenic mechanisms underlying au-
toimmune liver disorders and identify functional targets within 
the implicated cell populations. We anticipate that the insights 
gained will generate new avenues for clinical investigation.

Heterogeneity in the growth and development of 
hepatocytes and bile duct epithelial cells
Embryologically, hepatocytes and intrahepatic bile duct cells 
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are derived from hepatoblasts,4 whereas extrahepatic bile 
duct cells share developmental origins with the pancreas and 
duodenum.5 Hepatocytes exhibit heterogeneity along the 
central vein-to-portal axis,6 displaying a zonal distribution of 
key liver-gene expression.7 Near the central vein, liver cells 
express various cytochrome enzymes and proliferate under 
homeostatic conditions,8 influenced by WNT and RSPO3 sign-
aling from cells of the central vein endothelium.9

During embryogenesis, bipotent hypoblasts give rise to 
hepatocytes and bile duct cells.10 The transcription factors 
FOXA and GATA open chromatin, facilitating the transcrip-
tion of serum albumin and HNF4α, which are essential for 
liver development.11,12 TBX3 and HNF4α further specify hy-
poblasts, while bile duct specificity is governed by HNF1β, 
SOX4, SOX9, ONECUT1, and ONECUT2.13,14 ONECUT2 in-
hibits CEBPα and HNF4α in bile duct cells, with SOX9 and 
CEBPα triggering epigenomic changes.15,16 By the 6th week 
of gestation, hypoblasts near the portal region form ductal 
plates, which are precursor structures to bile ducts.17 The ex-
pression of cytokeratins, including cytokeratin (CK) 8, CK18, 
and CK19 varies with portal vein proximity, indicative of dif-
ferentiation status.18,19 CK7 expression emerges by the 20th 
week, primarily in cells of the intrahepatic bile duct.20 Post-
natally, hepatocytes express CK8 and CK18, while CK7 and 
CK19 are characteristic of cells of the intrahepatic bile duct, 
which also exhibit hematopoietic stem cell markers, including 
c-kit, CD34, and CD33.21 Organoids from these bile duct cells 
express KRT19, underscoring their lineage.22 Liver develop-
ment is a multicellular process,23 with hepatocytes maturing 
embryonically,24 unlike bile duct cells, which require addi-
tional transcription factors and activation of distinct signaling 
pathways.

Typical AIH is characterized by interfacial hepatitis and 

inflammation around the portal and periportal veins.25 Het-
erogeneity in cell surface marker distribution could influence 
the preference of AIH for specific hepatic sites. Therefore, 
exploring the differential expression of these markers and 
their impact on targets related to ALDs is a critical area of 
research (Fig. 1).

Heterogeneity in morphology and structure of hepat-
ocytes and bile duct epithelial cells
Hepatocytes and bile duct cells exhibit cellular polarity, with 
liver cells arranged in a specialized polarized manner. Two 
adjacent hepatocytes contribute to the apical plasma mem-
brane, forming bile canaliculi.26 This polarization is energy-
dependent and crucial for maintaining liver function, while its 
disruption can lead to liver pathologies.27

Bile duct cells can be classified into six categories based 
on size, with the cytoplasm-to-nucleus ratio increasing with 
increasing bile duct diameter. Epithelial diversity is observed 
from the luminal surface to the deeper layers of the bile duct 
wall in peribiliary glands. As bile duct cells increase in size, 
they become more responsive to hormones and play a great-
er role in bile modification.28 Typically, these cells exhibit a 
columnar morphology, promoting apical-basal polarity and in-
creasing the luminal surface area for efficient bile transport.29

Bile duct epithelial cells have distinct parietal luminal and 
basolateral plasma membrane domains, with primary cilia on 
the apical surface involved in homeostatic regulation. These 
cells facilitate communication and transport through endocy-
tosis and exocytosis, while the actin cytoskeleton preserves 
the distribution and function of plasma membrane proteins. 
The cilia also serve as a protective barrier, shielding hepato-
cytes from exposure to bile.30,31

Fig. 1.  Hepatoblasts begin to differentiate under the action of FOXA and GATA. Hepatoblasts differentiate into hepatocytes, large and small cholangiocytes. 
CK8, CK18, and CK19 are expressed in hepatoblasts. CK8 and CK18 are expressed in hepatocytes at week 6. CK19 is expressed in intrahepatic cholangiocytes. CK7 is 
expressed in intrahepatic cholangiocytes at week 20. Bcl2 is expressed in small cholangiocytes after final differentiation. P4502E1 is expressed in large cholangiocytes. 
CK, cytokeratin; Bcl2, B-cell lymphoma 2; HNF, hepatocyte nuclear factor.
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Functional heterogeneity of hepatocytes and epithe-
lial cells of the bile duct
The liver serves as a pivotal metabolic regulator and performs 
essential functions, including the regulation of metabolism, 
protein synthesis, and bile production. Parenchymal and non-
parenchymal liver cells exhibit unique properties in antigen 
presentation. Intestinal microbes, endogenous lipids, metab-
olites, and polypeptides can be presented via conventional 
and non-traditional pathways to activate intrahepatic im-
mune cells. The glycosylation of antigens with N-acetylgalac-
tosamine or N-acetylglucosamine enhances their uptake by 
hepatic antigen-presenting cells and induces immune toler-
ance. Hepatocytes maintain a threshold of antigen presenta-
tion that balances immune tolerance and immune responses, 
while disruptions to these thresholds may lead to ALDs.32,33 
A low initial antigen load in hepatocytes triggers an effector 
CD8+ T cell response, whereas high antigen levels result in 
CD8+ T cell depletion and anergy,34 offering new insights for 
future ALD research. Bile duct epithelial cells are engaged in 
bile secretion. Contrary to earlier beliefs that only large bile 
duct cells secrete bile, current studies indicate that bile acid 
transporters are present in large and small duct cells. These 
cells exhibit functional heterogeneity, with small bile duct 
cells expressing blood group antigens and the anti-apoptotic 
protein Bcl-2, while large bile duct cells produce cytochrome 
P450 enzymes.30 Secretin stimulates the secretion of HCO3

− 
and Cl− into the bile lumen, with receptors predominantly on 
cells of large bile ducts.35 The cilia on bile duct cells are crucial 
for mechanical, osmotic, and chemosensory functions, and 
their dysfunction is implicated in certain cholangiopathies.30

Heterogeneity of hepatocyte and bile duct epithelial 
cell damage in ALDs
In AIH, hepatocytes are the primary targets of damage, marked 
by inflammation extending from the portal tract into adjacent 
lobules. At the portal-lobule junction, progressive damage and 
necrosis occur in hepatocytes, resulting in interface hepatitis 
where cells necrose and desquamate at the boundary plate.36 
Within lobules, hepatocyte edema, degeneration, and necro-
sis occur, ranging from focal (punctate) necrosis to confluent 
(bridging) necrosis. Additionally, regenerating hepatocytes 
form pseudo-glandular, rosette-like structures. Severe inter-
facial hepatitis can progress into lobules, presenting as zone 
3 necrosis or bridging necrosis. The interaction of lympho-
cytes with hepatocytes leads to a halo-like structure, induc-
ing apoptosis, known as the penetration phenomenon, with 
apoptotic bodies often observed. Severe portal inflammation 
and interface hepatitis may coincide with bile duct reactions, 
characterized by ductular reactions at the portal-parenchymal 
interface, lined by CK7-positive cells indicative of regenera-
tive processes. Bile duct injury occurs in ≤ 83% of patients 
with AIH, at times resembling PBC, even without overlapping 
syndromes. However, the bile duct is not the primary target of 
AIH, and bile duct destruction or loss is not characteristic of 
the disease. The amelioration of bile duct injury following im-
munosuppressive treatment suggests that it may result from 
collateral damage during severe inflammation.37

PBC is characterized by chronic, nonsuppurative, and de-
structive cholangitis of the interlobular and septal bile ducts. 
The hallmark lesion, termed the florid duct lesion, includes 
lymphocytic infiltration and formation of epithelioid granulo-
mas.38 Bile duct cells may exhibit edema, vacuolization, eo-
sinophilic transformation, and necrosis, sometimes with pro-
liferative cholangiopathy. Ductopenia, defined when <50% 
of portal tracts contain bile ducts, is also a feature.39 Mild 
interface hepatitis, characterized by portal inflammation, can 

occur in PBC along with parenchymal necro-inflammatory 
changes that are typically mild.40 Advanced stages of PBC 
may show feathery degeneration of hepatocytes due to the 
cytotoxic effects of hydrophobic bile acids.38

PSC is characterized by inflammation and fibrosis of the 
bile duct system, involving both intrahepatic and extrahe-
patic bile ducts. The characteristic onion-skin-like fibrosis en-
circles affected bile ducts, leading to atrophy, stenosis, and 
occlusion. Small-duct PSC a variant predominantly observed 
in children, affects only small intrahepatic bile ducts.38 It is 
an important feature of PSC, often accompanied by a reduc-
tion in interlobular bile ducts (Table 1).41

Heterogeneity in clinical manifestations of ALDs
The clinical presentation of ALDs typically begins insidiously, 
with patients often experiencing no symptoms or only non-
specific symptoms, such as fatigue. However, these conditions 
can progress to cirrhosis and liver failure. The following rep-
resent some notable distinctions among ALDs: First, AIH pre-
dominantly affects women and exhibits a significant incidence 
among adolescents, young children (0.23–0.4/100,000),42 
and infants.43 Approximately one-third of AIH cases are acute. 
Generally, PBC and PSC have indistinct onsets. PBC is more 
prevalent in females aged >40 years, whereas PSC is more 
common in males, with an age range of 20–57 years, as well 
as some occurrences in children.44 Second, AIH is primarily 
characterized by hepatocyte damage, leading to a substantial 
increase in serum aminotransferase levels. In contrast, ALP 
and GGT levels remain normal or are only marginally elevat-
ed. However, patients with PBC or PSC exhibit significantly 
elevated ALP and/or GGT levels. Third, elevated serum IgG 
levels are observed in 90% of patients with AIH, while PBC 
is associated with increased IgM levels. Approximately half 
of patients with PSC exhibit mild-to-moderate elevations of 
IgG and/or IgM. Fourth, approximately one-third of patients 
with ALDs experience extrahepatic manifestations.45 AIH fre-
quently coincides with autoimmune thyroid disease and celiac 
disease. Patients with PBC may develop Sjogren’s syndrome, 
autoimmune thyroid disease, and systemic sclerosis, among 
others.46 PSC is commonly associated with inflammatory 
bowel disease (IBD), including ulcerative colitis in 80% of 
cases, as well as Crohn’s disease and other unspecified forms 
of IBD.47 These comorbidities can influence the prognosis of 
the primary liver condition.48 Fifth, disease-specific autoan-
tibodies vary among patients with ALDs. AIH involves ANAs, 
anti-smooth muscle antibodies, antibodies against liver/kid-
ney microsomes, and/or liver cytosol antigens. PBC is charac-
terized by AMAs, particularly AMA-M2, and PBC-specific ANAs 
targeting gp210 and p62 with a rim-like membranous pat-
tern and a pattern of multiple nuclear dots recognizing sp100. 
Patients with PSC may exhibit nonspecific autoantibodies, 
including ANAs, anti-cardiolipin, anti-thyroperoxidase, rheu-
matoid factors, and anti-smooth muscle antibodies. Finally, 
therapeutic approaches differ; for instance, glucocorticoids 
and immunosuppressants are effective in AIH but are largely 
ineffective for PBC and PSC.49,50 Ursodeoxycholic acid is the 
first-line treatment for PBC but has no confirmed benefit in 
AIH or PSC. Prognostic models for PBC, PSC, and AIH can 
be developed based on demographic, clinical, complication-
related, and serological characteristics.

Heterogeneity of target cells and the role of miRNAs 
in ALDs

AIH
Role of target cells: AIH is a chronic liver condition re-
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sulting from an autoimmune attack on hepatocytes.51 Sero-
logically, AIH is characterized by elevated IgG levels and the 
presence of circulating autoantibodies, while histologically, 
interface hepatitis is evident.52 The autoimmune response in 
AIH may be initiated through molecular mimicry, wherein T 
cells mistakenly target host proteins.51 In AIH pathogenesis, 
the production of autoantibodies by plasma cells and the ex-
pression of antigen-specific cytotoxic T cells by hepatocytes 
significantly accelerate liver damage.53 Gatselis et al. found 
that decreased deoxyribonuclease I activity may be anoth-
er important factor in the occurrence and development of 
AIH. When deoxyribonuclease activity decreases, the clear-
ance of apoptotic cells is reduced, and the accumulation of 
nuclear antigen DNA aggravates the autoimmune reaction. 
Thus, in AIH, the persistence of liver damage is often self-
perpetuating, driven by the apoptosis of infected liver cells.54 
Interferon-gamma (IFN-γ) plays a pivotal role in mediating 
inflammation by inducing the expression of chemokine and 
adhesion molecules in hepatocytes, facilitating the chemo-
taxis of neutrophils and eosinophils.55 Furthermore, IFN-γ 
promotes the aberrant expression of HLA class II molecules 
in hepatocytes, allowing for antigen presentation and T-help-
er (Th) cell activation. Concurrently, increased expression of 
HLA class I molecules enables hepatocytes to present endog-
enous antigens to CD8+ T lymphocytes, which, upon activa-
tion, also secrete IFN-γ.

The enzyme cytochrome P450 2D6, a member of the cy-
tochrome p450 family expressed by hepatocytes, is associ-
ated with anti-liver kidney microsomal antibodies in AIH.56 
Cytochrome P450 2D6 is involved in Th1 and Th2 immune 
pathways.57 The involvement of epithelial cells of bile ducts 
in AIH is considered limited (Fig. 2).

Role of microRNAs (miRNAs): miRNAs, small RNA mol-
ecules critical for post-transcriptional gene regulation,58 have 
been implicated in various autoimmune conditions, including 
ALDs.59 Research on miRNAs in AIH has identified specific 
miRNAs, including miR-21, miR-122, and miR-155, which 
correlate with the severity of biochemical and histological ab-
normalities, as well as central pathogenic processes.60 Dys-

regulated miRNAs may act as biomarkers for disease activity 
and severity in AIH, and modulating their expression holds 
the potential to re-establish immune tolerance and reduce 
the autoimmune response.

PBC
Role of target cells: Bile duct cell dedifferentiation, senes-
cence, stress, and DNA damage play key roles in the pro-
gression of PBC,61 which is histologically characterized by 
nonsuppurative destructive cholangitis and damage to the in-
terlobular ducts.62 The disease features an immune-mediated 
inflammatory response, causing the degeneration, necrosis, 
and eventual disappearance of small-to-medium-sized intra-
hepatic bile ducts.63 Senescence of bile duct cells is increas-
ingly recognized as a factor contributing to the progression 
of PBC and PSC.31 In PBC, continuous damage to bile duct 
epithelial cells causes senescence.64 This process begins with 
apoptosis, leading to the release of autoantigen epitopes 
that activate the immune system. When apoptosis of biliary 
epithelial cells (BECs) occurs in PBC, the E2 component of 
the mitochondrial pyruvate dehydrogenase complex in the 
formed apoptotic bodies retains immune activity, promoting 
immune activation.61 Disruptions to innate and adaptive im-
munity trigger disease onset.65 Additionally, aging BECs se-
crete chemokines and inflammatory mediators,66 contributing 
to the recruitment and activation of CD4+ Th cells.

Epithelial bile duct cells also serve as antigen-present-
ing cells, interacting with T cells,67 potentially causing bile 
duct damage. Among others, the chemokine C-X3-C motif 
chemokine ligand participates in this process.68 Furthermore, 
epithelial cells of bile ducts express molecules that recruit 
monocytes during disease, and these cells demonstrate sig-
nificant proliferative activity to compensate for cell loss.69,70 
When bile duct cells are damaged, they undergo a prolif-
erative response as a protective mechanism. Specific liver 
injuries can trigger the proliferation of specific subsets of bile 
duct cells.71 Carpino et al. reported that SOX9+ cells from 
the peribiliary glands in PSC mice, induced by 3,5-diethoxy-
carbonyl-1,4-dihydrocollidine injury, proliferate and may be 

Table 1.  Heterogeneity of hepatocyte and cholangiocyte damage in ALDs

AIH PBC PSC

Main target 
cells

Hepatocytes. Severe 
chronic hepatitis with 
intense portal and lobular 
inflammation, severe 
interface hepatitis, and 
many damaged hepatocytes

Cholangiocytes (small interlobular 
and septal bile ducts). Non-
suppurative destructive cholangitis. 
Cholangiocytes with swelling, 
vacuolated or eosinophilic cytoplasm, 
pyknotic nuclei, and proliferative 
changes with stratification

Cholangiocytes (large intra- 
and extra-hepatic bile ducts). 
Cholangiocytes with features 
of degeneration and atrophy, 
resulting in strictures and 
eventually occlusions

Inflammatory 
cells

Mainly lymphocytes, with 
a variable amount of 
plasma cells (especially 
the presence of 
plasma cell clusters). 
Some eosinophils and 
neutrophils may be seen

Mainly lymphocytes and often 
numerous plasma cells (especially 
a coronal arrangement of plasma 
cells around the bile duct). 
Eosinophils may also be numerous, 
particularly at earlier stages

In early disease, the changes are 
confined to portal tracts, with 
a mild mixed inflammatory cell 
infiltrate of lymphocytes, plasma 
cells, and neutrophils, usually 
more intense around bile ducts

Other 
parenchyma 
cells

Ductular reaction, collateral, 
and inconspicuous 
bile duct injury

Mild hepatocyte necrosis, 
acidophilic bodies, and even 
interface hepatitis. Feathery 
degeneration of hepatocytes 
in advanced disease stages

Small duct PSC (3–5% of 
PSC patients). In the late 
phase, periportal or diffuse 
hepatocyte metaplasia

Typical 
histopathology

Moderate-severe interface 
hepatitis, rosettes

Florid duct lesion Onion skin fibrosis

ALDs, autoimmune liver diseases; AIH, autoimmune hepatitis; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis.
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influenced by the activation of Wnt and Notch signaling path-
ways.72 Furthermore, bile duct cells in a damaged liver can 
differentiate into neuronal-like phenotypes, affecting disease 
progression.70

Role of miRNAs: In PBC, miR-122a and miR-26a are 
upregulated, while miR-328 and miR-299-5p are downregu-
lated. These miRNAs and their target genes are implicated in 
biliary tract inflammation, apoptosis, and reactive oxidative 
stress.73 miR-506 has emerged as a unique contributor to 
the immunopathogenesis of PBC, with its chromosomal loca-
tion on the X chromosome showing a female predominance, 
highlighting its potential role. MiR-506 decreases anion ex-
changer 2 (AE2) expression and activity in BECs, affecting bi-
carbonate secretion. Contemporary research has highlighted 
the role of miR-506 as a principal component of the immu-
nopathogenesis of PBC. The correlation of miR-506’s position 
on the X chromosome with a higher disease prevalence in 
women highlights its likely importance in PBC pathophysiol-
ogy.74 In vitro studies have shown that miR-506 may sup-
press AE2 expression, consequently hindering its function in 
BECs,75 and that applying miR-506 analogs can reduce bicar-
bonate secretion via AE2.76 Furthermore, increased concen-
trations of miR-122 and miR-378f, along with reduced levels 
of miR-4311 and miR-4714-3p in the serum of patients with 
treatment-resistant PBC, could provide valuable markers for 
evaluating therapeutic responses.77

PSC
PSC is a chronic cholestatic liver disease characterized by 
damage to the intrahepatic and/or extrahepatic bile ducts 
and is often associated with IBD.78 The distinct histological 
feature of PSC is onion-skin fibrosis, characterized by con-
centric layers of fibrotic tissue encasing bile duct epithelia. 
This fibrosis likely arises from interactions among bile duct 
cells, immune cells, hepatic stellate cells, and myofibroblasts 
in the portal areas, leading to ductal obstruction.79 Crosstalk 
between bile duct cells and T cells may facilitate the recruit-
ment of inflammatory cells to portal tracts.80 In PSC, the bil-

iary epithelium becomes highly reactive, exhibiting changes 
such as expansion of the peribiliary glandular system,81 yet 
precise pathogenic mechanisms remain elusive.

In managing ALDs, including AIH, PBC, and PSC, the appli-
cation of immunosuppressive therapy faces numerous chal-
lenges.82 AIH is not merely an immune-mediated disease; 
various microenvironments may critically influence disease 
development.83

Application and updates of single-cell RNA sequenc-
ing and spatial transcriptomics in the heterogeneity 
of hepatocytes and cholangiocytes among ALDs
Single-cell RNA sequencing (scRNA-seq) is an emerging 
technology that characterizes the transcriptome of individual 
cells, identifying cell subpopulations within tissues with un-
precedented resolution. Spatial transcriptomics complements 
this by capturing cell distribution using next-generation se-
quencing and imaging in spatially organized tissues.84 These 
technologies are increasingly used to explore disease patho-
genesis. Researchers are developing two main approaches, 
deconvolution and mapping, to integrate them,85 enhancing 
our understanding of cell-type distribution and mechanisms 
of intercellular communication.

Recent studies have systematically compared transcrip-
tomes from scRNA-seq and single-nucleus RNA sequencing, 
producing a high-resolution cellular atlas of the healthy hu-
man liver.86 Utilizing specific markers, researchers have spa-
tially identified various cell subsets, including hepatocytes, 
cholangiocytes, and liver mesenchymal cells, demonstrating 
the physiological functions and pathological changes associ-
ated with ALDs.87 In a recent study using scRNA-seq in Oit3-
CreERT2-tdTomato mice, Oit3 was identified as a key marker 
for tracing liver sinusoidal endothelial cells, offering a valu-
able model for investigating complexities in liver sinusoidal 
endothelial cells in relation to liver pathology.88

In the context of PBC, scRNA-seq and other methods have 
identified DUOX2+ACE2+ small cholangiocytes as pathogenic 

Fig. 2.  The role of hepatocytes in AIH. 1. In AIH, the expression of CYP2D6 in hepatocytes activates both Th1 and Th2 immune pathways. 2. Some inflammatory 
mediators induce the expression of chemokines and adhesion molecules in hepatocytes. AIH, autoimmune hepatitis; CYP2D6, Cytochrome P4502D6.
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targets, with their reduction correlating with disease severity. 
Elevated levels of polymeric immunoglobulin receptor (pIgR) 
expression and serum anti-pIgR autoantibodies have been 
demonstrated in patients with PBC,89 suggesting a role in 
mediating IgA translocation and immune cell accumulation in 
the portal vein.90 Consequently, monoclonal antibodies tar-
geting pIgR, DUOX2, and ACE2+ small cholangiocytes may 
serve as therapeutic options for PBC. Furthermore, spatial 
transcriptomics and multiplex immunofluorescence revealed 
an increase in the number of CD27+ memory B and plasma 
cells within the hepatic portal tracts of patients with PBC. 
scRNA-seq analysis of dnTGFbRII mice indicated that CD8+ 
T cells are pivotal in PBC pathogenesis, with distinct func-
tions in terminally differentiated CD8aa T cells.91 Assessing 
these cell populations in liver biopsies or blood samples could 
assist in PBC diagnosis and staging, and personalized im-
munotherapy based on individual immune cell profiles may 
improve treatment efficacy.

In studies of healthy individuals and those with PSC, scR-
NA-seq revealed a higher prevalence of intrahepatic naïve-
like CD4+ T cells in patients with PSC, predisposed to Th-17 
polarization.92 Overexpression of P4HA2 was observed in the 
livers of patients with PBC and PSC, suggesting its role in 
promoting cholangiocyte proliferation via the SAV1-mediated 
Hippo signaling pathway.93 Targeting P4HA2 may represent 
a viable therapeutic strategy, which may be useful in early 
diagnosis, disease monitoring, and evaluation of treatment 
responses.

scRNA-seq of murine models has determined the immu-
nological landscape, demonstrating that activation of the aryl 
hydrocarbon receptor can mitigate concanavalin A-induced 
AIH by modulating pro- and anti-inflammatory cytokines. 
Tetrachlorodibenzo-p-dioxin has been identified as a potent 
therapeutic agent.94 Similarly, a comprehensive transcrip-
tomic analysis of autoreactive CD4 T cells in AIH has been 
described using scRNA-seq.95 The continual advancement of 
scRNA-seq and spatial transcriptomics is exposing disease 
pathogenesis with previously unclear mechanisms, with 
high-resolution technologies poised to summarize ALDs.

Summary and perspectives
The underlying pathogenesis of ALDs, including AIH with 
hepatocyte lesions, and PBC and PSC with bile duct cell dam-
age, remains unclear. A common theme among these diseas-
es is the intricate interplay between genetic, environmental, 
and immunological factors. These similar etiological agents 
lead to diverse ALDs, each characterized by distinct target 
cells, pathological mechanisms, and principles of diagnosis 
and treatment. The heterogeneity of target cells is a crucial 
factor influencing aspects ranging from growth and develop-
ment to morphological structure, function, pathological dam-
age, clinical presentation, and, most importantly, pathogen-
esis; this topic warrants further investigation.

Environmental and genetic factors modulate the immune 
system. However, the determinants guiding the immune re-
sponse toward hepatocytes or biliary epithelium are poorly 
understood. The potential for immune cells to interact with 
hepatocytes and the biliary epithelium raises questions re-
garding the identification of surface markers or serum me-
tabolites that could serve as biomarkers for disease diag-
nosis, management, and evaluation of disease severity and 
prognosis.

Current therapeutic strategies for ALDs primarily target 
immune regulation and bile acid metabolism, underscoring 
the need for additional research on the specific target cells 
involved. For instance, cholangiocyte senescence has been 

implicated in PBC and PSC pathogenesis.63 Consequently, in-
terventions aimed at decelerating cholangiocyte senescence 
might offer a viable approach to treating these conditions. 
Building on the foundations of this review, future work will 
leverage single-cell sequencing technologies to explore cellu-
lar heterogeneity in AIH, PBC, and PSC. We aimed to identify 
genes with unique expression patterns and validate our find-
ings using relevant studies in animal models, thereby provid-
ing innovative conceptual pathways for clinical research.
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